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Abstract
Introduction The incidence of heterotopic ossification (HO) is at its highest when trauma of the hip or pelvis concurs with 
traumatic brain injury (TBI). The pathogenic mechanisms underlying the neurogenic enhancement of the formation of HO 
remain, however, poorly understood. Hence, the goal of the present study was to develop a novel small animal model that 
combines hip and brain trauma that can prove the enhancement of HO around the hip after TBI.
Materials and methods Forty male Wistar rats were divided into four groups, to undergo hip surgery alone (group 1), hip 
surgery + moderate TBI (group 2), hip surgery + severe TBI (group 3) and only severe TBI (group 4). The femoral canal was 
reamed up to 2 mm and a muscle lesion was made to simulate hip surgery. An established controlled cortical impact model 
was used to create a TBI. Twelve weeks after surgery, the hip with the proximal half of the femur and the pelvic bone was 
removed and subjected to micro-computed tomography (µCT) analysis. A quantitative analysis using a modified Brooker 
score as well as a quantitative analysis using a bone-to-tissue ratio was used.
Results No HO could be found in all the ten animals that did not undergo hip surgery (group 4). In the animals that did 
undergo surgery to the hip, no HO was found in only one animal (group 1). All the other animals developed HO. In this 
study, significantly more HO was found in animals that underwent an additional severe TBI.
Conclusion The newly developed rat model, with a combined hip and brain trauma, showed an enhancement of the HO 
formation around the hip after severe TBI.
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Introduction
Heterotopic ossification (HO) following musculoskele-
tal trauma often leads to joint stiffness and pain [1, 2]. A 
concomitant traumatic brain injury (TBI) is suggested to 
increase the incidence and severity of HO [3, 4]. Prophy-
laxis of HO following trauma is the same as after total hip 
arthroplasty. NSAIDs, bisphosphonates, and radiotherapy 
are commonly used with limited and inconstant effect [1, 
4, 5]. Surgical resection with peri-operative radiotherapy is 
the most common treatment, but only after the newly formed 
ectopic bone has matured [6, 7]. The pathophysiology of 
HO is not known. In particular, the relation between brain 
injury and new bone formation remains unexplained [8]. An 
endogenic release of molecules from the brain, an altered 
cerebrospinal fluid composition or a central neural route 
were suggested as possible causes [9–11].
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Experimental animal models were developed to explore 
the pathogenic processes [8]. However, none of them studied 
HO associated with TBI.
The aim of this study was to develop a small animal 
model associating traumatic brain injury with hip surgery/
trauma. It was hypothesized that this would repeatedly pro-
duce HO and we asked:
1. Does TBI enhance the formation of HO after hip sur-
gery?
2. Does a more severe TBI produce more HO than a more 
moderate TBI?
3. Can TBI alone induce the formation of HO?
Material and methods
Subjects and groups
Forty male Wistar rats (Charles River, Cologne, Germany) 
with body weight of 250–290 g were subjected to either 
a surgical intervention of their left hip, or a TBI, or both. 
Groups were formed as follows: Group 1 (n = 10): hip sur-
gery only (no TBI); Group 2 (n = 10): hip surgery + moder-
ate TBI; Group 3 (n = 10): hip surgery + severe TBI; Group 
4 (n = 10): severe TBI only (no hip surgery).
The sample size was calculated using results from lit-
erature and chosen according to the restrictions of the local 
ethical committee [12]. A beta value of 20% was used with 
an expected increase of 100% in mean modified Brooker 
score (Group 1 compared to Group 3).
Animal care and surgical procedures
The animals were housed in standard cages with a 12-h 
light–dark cycle at a constant temperature of 21 °C, with 
unlimited access to water and standard dry food pellets. 
Principles of laboratory animal care (NIH publication No. 
86-23, revised 1985) were followed. The local ethical com-
mittee approved animal care and management, as well as the 
surgical protocol and procedures (study number: DE RLP 
23 177-07/G13-1-047). A licensed, experienced veterinarian 
supervised animal care and surgery.
Anesthesia was performed using isoflurane  (Florane®, 
Baxter, Deerfield Il, USA) inhalation as an introduction 
and subcutaneous injection of medetomidine  (Dorbene®, 
Pfizer, New York NY, USA) (0.375 mg/kg), midazolam 
 (Dormicum®, Roche, Basel, Switzerland) (4 mg/kg), and 
fentanyl (Fentanyl-Janssen®, Johnson and Johnson, New 
Brunswick, NJ, USA) (0.005 mg/kg). At the end of the pro-
cedure, anesthesia was antagonized with subcutaneous ati-
pamezole  (Antisedan®, Pfizer, New York, USA) (1 mg/kg).
A 1.5 cm incision was made over the greater trochanter, 
and a sharp dissection was carried down to bone through the 
gluteus maximus, splitting the muscle in the direction of its 
fibers. After exposing the trochanter, entrance was gained 
to the medullary canal just medially of the tip of the greater 
trochanter. The femoral canal was reamed by hand with 
incrementally larger reamers up until 2 mm (1 mm; 1.5 mm; 
2 mm) while ensuring that no fracture to the femur occurred. 
Hereafter, two Kocher clamps were placed across the gluteus 
maximus and medius muscles (with their points touching 
each other, creating a 0.5 cm equilateral triangle) for 3 min. 
After removal of the clamps, the wound was closed in layers.
The TBI was carried out according to an already pub-
lished controlled cortical impact (CCI) model [13]. In 
short: a craniotomy that spanned the space between coronal 
suture (rostral), squamosal suture (occipital), sagittal suture 
(medial) and the attachment of the temporalis muscle (lat-
eral) on the right side was created to expose the dura mater 
over the right hemi-cortex. A pneumatically driven piston 
(4 mm in diameter), connected to an electromechanical 
actuator, delivered a focal injury to the brain at a velocity 
of 4.0 m/s, a penetration depth of 2.0 mm and a lag time of 
200 ms in the moderate TBI group; a velocity of 5.0 m/s, 
a penetration depth of 2.5 mm and a lag time of 400 ms 
in the severe TBI group. The piston was positioned at an 
angle of ± 70° to maintain the probe perpendicular to the 
right cortical surface. After the CCI, the incision was closed 
by refastening the bone flap with  Histoacryl® (B. Braun, 
Melsungen, Germany). Subsequently, the cranial skin inci-
sion was reclosed by a simple interrupted suture.
Adding tramadol (0.5 mg/ml) to the drinking water pro-
vided postoperative analgesia, but no anti-inflammatory 
agents were used. The subjects were permitted to ambulate 
ad libitum.
Imaging
After 12 weeks, the animals were euthanized by  CO2 inha-
lation. The left hip with the proximal half of the femur and 
approximately half of the pelvic bone with the surrounding 
soft tissue were resected and removed, fixed in paraform-
aldehyde, and subjected to micro-computed tomography 
(µCT) analysis using a µCT-40 scanner (Scanco Medical 
AG, Bassersdorf, Switzerland).
Histological analysis
To confirm the new formation of bone, ten specimens 
were decalcified for 7  days in a 10% EDTA solution 
(100 g EDTA with 33 g Tris and made up to 1000 ml 
with distilled water, pH 7.2, both chemicals from Appli-
Chem GmbH, Darmstadt, Germany). This was followed 
by the preparation of 5-μm-thick paraffin sections using a 
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Reichert-Jung 2030  BioCut® microtome (Leica Microsys-
tems, Wetzlar, Germany). From each paraffin block, every 
10th section was stained with a hematoxylin–eosin stain 
and every 21st section was stained with a Masson–Goldner 
stain.
Statistical analysis
Images were blinded and analyzed by two observers using 
a modified Brooker classification system [14]. A score 
(0–5) was attributed to the observed heterotopic bone 
around the hip. A score of ‘0’ was given when no HO 
was found, ‘1’ was given when very small particles of 
heterotopic bone (all measuring under 1 mm) were seen, 
‘2’ was given when particles of 1–2 mm were observed, 
and ‘3’ was given when particles greater than 2 mm were 
observed. A score of ‘4’ was given for near ankylosis 
(leaving less than a 3 mm space between the major frag-
ments, i.e., trochanter—heterotopic bone and heterotopic 
bone—acetabulum), and ‘5’ was given for complete anky-
losis of the femur to the pelvis.
To quantify the heterotopic bone, the software pro-
gram OsiriX® (Version 7.0.1, Pixmeo Company, Geneva, 
Switzerland) was used. Axial images were reconstructed 
and a cylinder with a predetermined diameter, height and 
position was projected around the proximal femur. The 
cylinder, which centered on the middle of the femoral 
canal, had a radius of 0.5 cm and was 1 cm high (extend-
ing 0.5 cm under and above the most inferior slice that 
showed a connection between the femoral head and neck). 
After the excision of the pelvic bone, the percentage of 
bone in the cylinder (bone volume/tissue volume = BV/
TV) was measured. Statistical testing was done using the 
Chi-square and ANOVA tests with Bonferroni post hoc 
test with SPSS for Macintosh (IBM, Armonk, New York, 
USA). A p value of 0.05 was used.
Results
All animals survived the procedure; they began to ambu-
late immediately postoperatively and could return to normal 
mobility after 3 days. µCT of the prepared specimen showed 
no HO in all animals of group 4 and one animal of Group 
1 (Figs. 1, 2). In all other animals, HO of different grades 
was seen (Figs. 3, 4, 5, 6) (Table 1). A significantly differ-
ent Brooker score was seen when all groups were compared 
(p < 0.001).
The quantitative analysis showed a mean BV/TV of 
17.5%, 15.9%, 21.2% and 16.9% for Groups 1–4, respec-
tively. Comparison of all groups demonstrated a significant 
difference (p = 0.002). The Bonferroni post hoc test revealed 
a significant difference between Groups 1 vs 3, 2 vs 3 and 3 
vs 4. It could be proven histologically that the ectopic calci-
fications visible on μCT in previous studies using this animal 
model were true heterotopic bone tissue with osteoblasts and 
cells (Fig. 7).
Discussion
Hypotheses
1. The main question of our study was confirmed as the 
formation of HO after hip surgery was enhanced by TBI 
(group 1 vs group 3). This enhancement of the formation 
of HO after TBI has been observed in humans, but has 
to our knowledge never been induced in animals [15].
2. The severe TBI produced significantly more HO when 
compared with the moderate TBI (group 2 vs group 3) 
and a lower BV/TV was observed after moderate TBI 
in comparison with the only TBI and only hip surgery 
group. The effect of TBI on the formation of HO after 
hip surgery seems therefore dose-related. It has been 
Fig. 1  Graph of all animals; 
on the x-axis the number of 
animals is displayed for the dif-
ferent groups and on the y-axis 
the modified Brooker score
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described before that a mild or moderate brain injury 
produces bone loss and only a severe brain injury 
enhances the formation of bone [16–18]. The mecha-
nisms underlying this observation are unknown and a 
definition of severe TBI is lacking. It seems here that in 
our study the hip injury was able to produce some HO 
around the hip but still resulting in a total decline of the 
bone mass as measured by the BV/TV.
3. No HO was observed after TBI alone. The fact that no 
HO was observed after TBI alone is probably due to 
Fig. 2  Three 3D reconstructed 
µCT images of a rat with no HO
Fig. 3  Three 3D reconstructed 
µCT images of a rat with grade 
1 HO
Fig. 4  Three 3D reconstructed 
µCT images of a rat with grade 
2 HO
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the lack of an inducing factor. Chalmers stated in 1975 
that three conditions needed to be fulfilled for bone to 
develop: a permissive environment, the presence of oste-
oprogenitor cells and a stimulating event [19]. It seems 
that TBI, as delivered in this study (i.e., a focal injury), 
is only able to change the local environment to make it 
more permissive to the formation of HO. It is suggested 
that TBI is never the inducing factor and that a form of 
local trauma is needed to start the process of HO forma-
tion. This trauma might concur with the TBI but could 
also be inflicted later (physiotherapy against contracted 
joints, microtrauma in spastic muscles, etc.) [20]. There-
fore, there might be no separate entity called neurogenic 
HO. The HO observed after TBI might merely be an 
enhancement of the HO formed after local trauma [21]. 
Some authors suggest the abundant callus formation 
and faster healing in TBI patients with an associated 
long-bone fracture might be another sign of the more 
permissive environment to the formation of bone [1, 9, 
22]. The question even rises whether the abundant callus 
formation after TBI is an enhancement of normal bone 
healing or a form of HO occurring around a fracture 
[23, 24]. But it is generally assumed that the enhanced 
bone healing and the increased formation of HO share 
the same principles and both reflect the enhanced osteo-
genesis after TBI [25].
Fig. 5  Three 3D reconstructed 
µCT images of a rat with grade 
3 HO
Fig. 6  Three 3D reconstructed 
µCT images of a rat with grade 
4 HO
Table 1  Table of all modified 
Brooker scores per group. 
Bone-to-tissue ratio is displayed 
as mean (and standard 
deviation) in percent per group
Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 BV/TV
Group 1 (only hip surgery) 1 3 6 0 0 17.5% (0.023)
Group 2 (moderate TBI + hip surgery) 0 5 4 1 0 15.9% (0.014)
Group 3 (severe TBI + hip surgery) 0 4 2 2 2 21.2% (0.046)
Group 4 (only severe TBI) 10 0 0 0 0 16.9% (0.009)
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Brain to bone
The mechanism by which the osteogenesis is enhanced after 
TBI remains largely unclear. As stated above, three main 
connections between the brain and bone are being suggested 
in the literature [8]. There is a growing body of evidence 
that the main route for enhanced osteogenesis is endogenic.
Many research groups were able to demonstrate an 
enhanced differentiation and proliferation of mesenchy-
mal cells and osteoblasts in vitro after addition of serum 
of patients or animals that underwent a TBI before [9, 23, 
26]. No clear description of this endogenic pathway is avail-
able so far, but many possible endogenic factors that may 
play a role have been suggested [8, 21]. A second pathway 
is suggested to involve the cerebrospinal fluid (CSF). As 
for serum, an enhanced proliferation of in vitro osteoblasts 
could be proven for CSF after TBI [27–29]. Bone morpho-
genetic protein 7 and interleukin 6, two known proteins that 
influence bone metabolism, could also be isolated in CSF 
after TBI [28, 29]. A last possible connection between the 
brain and bone is thought to be solely neurological [8]. An 
enhanced stimulation through mainly sympathetic nerves 
might enhance osteogenesis [11]. It was suggested as well 
that osteoblasts in HO might have a neuronal origin [10].
Limitations
A limitation of this study is that the quantification of the 
heterotopic bone was only possible as BV/TV in a cylinder. 
In the future, multiple in vivo µCTs in the same animal could 
be used to calculate the exact changes in bone volume.
In this study, only male animals were used to reduce the 
number of animals as higher incidence has been reported 
in males historically [30]. It remains, however, interesting 
to investigate this phenomenon, even more since pregnant 
women seem to be protected against the formation of HO 
[31].
Conclusion
In conclusion, an animal model that does not require the use 
of exogenous osteogenic stimuli and in which the formation 
of HO after hip surgery is enhanced by TBI was developed. 
This model warrants further consideration for the study of 
the pathogenic processes underlying enhanced osteogenesis 
after TBI.
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